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(54) Heterojunction bipolar transistor and method for fabricating the same 



(57) A heterojunction bipolar transistor comprises Si 
collector layer (3b), a SiGeC base layer (8a) and a Si 
emitter layer (9) stacked in this order. By making the 
amount of a lattice strain in the SiGeC base layer on the 
SI collector layer 1.0% or less, the band gap of the 



SlGeC base layer can be narrower than the band gap of 
the conventtonal SIGe base layer having a Ge content of 
about 10%, and good crystal quality can be maintained 
after a heat treatment 
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Description 

BACKGROUND OF THE INVENTION 

(0001] The present invention relates to a hetero- 
junctJon bipolar transistor which Includes a base layer 
containing a SiGeC layer with a smalt degree of lattice 
strain. 

[0002] ConventlonaKy, heterojunction bipolar tran- 
sistors (HBTs) have a heterojunction barrier formed on 
the boundary between the energy bands of the two 
semiconductor materials differing in band gap from 
each other at a Junction between the enr^r. the base 
and the collector for the purpose of Improving carrier 
accumulation and a cument amplification ratk). Such 
HBTs have come to be used as an active device In a 
microwave and millimeter wave bands by making use of 
their high frequency characteristic. Above all, HBTs 
using a semiconductor of a Group lll-V compound such 
as GaAs have been studied and developed most ener- 
getically: however. In recent years. HBTs using SlGe 
material, which Is a Group IV-IV compound and can be 
formed on a silicon sut>strBte are being drawn attention 
(SlGe-HBTs). These SlGe-HBTs are being drawn 
attention also because the base layer made of a SlGe 
layer with a narrow band gap makes them operable at a 
lower voltage than Si-BJTs. 

[0003] SlGe-HBTs proposed so far to achieve 
speedups are classified into two typteal types: the one 
with a SiGe base layer having a graded composition 
where the Ge content Is gradually Irweased In the 
directfon from the emitter layer sMe to the collector layer 
side (Reference Document 1) (L Harame et aL. \3pti- 
mlzatfon of SlGe HBT Technotogy for High Speed Ana- 
tog and Mixed-Signal Appficattons." I EDM Tech. Dig. 
1993. p.71}, and the other with a base layer having a 
high Ge content and a high concentratton of Impurity 
doping 80 as to make the base layar axtremety thin 
(Reference Document 2) (A. Schuppen et al.. 
'Enhanced SlGe Heterojunction Bipolar Tranfitstors with 
160 GHz-fmax," lEDM Tech. Dig. 1995, p.743.). 
[0004] In the fomner translstorB provMed wfth the 
base layer having a graded compositton, the graded 
conposlllon develops an electric fieM, whk:h facilitates 
canters Injected In the base layer to drift the base layer. 
The drifting of the carriers due to the drift electric fiekJ Is 
higher In speed than canler dlffuston. so that the time 
required to transit the base layer (base transit time) Is 
accelerated to provMe a high frequency transistor. 
[0005] On the other hand, the latter heterpjunctfon 
bipolar transistors have a base layer composed of SlGe 
having a untfomi composltton with a high Ge content 
and having a nanow band gap. The base layer is doped 
with a high-conoentTBtion Impurity forcarriers in orderto 
decrease Its thfokness while suppressing a punch 
through between the emitter and the collector, thereby 
to aocelenste the base transit time. In this case, the base 
leyer having a narrower band gap than the enimer layer 



reduces the built-in potential of the PN Junctton between 
the emitter and the base, thereby achieving a large col- 
lector current and a high frequency characteristic at a 
tow voltage. 

5 [0006] However, these prior art heterojunction bipo- 
lar transistors have the following inconveniences. 
[0007] First, in the heterojunction bipolar transistors 
having the graded oompositton base structure, the gra- 
dient of the composition must be targe enough to have 

10 a large drift electric field. In other words, of the base 
layer, the region In contact with the emitter layer must 
have a small Ge content, and the region In contact with 
the collector layer must have a large Ge content For 
this, the regton of the base layer that is in contact with 

15 the emitter layer Is generally made from Si only, without 
Ge. Since the PN junction k)etween the base and the 
emitter In this case Is a honwgeneous junction between 
slltoon and siFicon, tow<vo(tage operatton cannot be 
expected. In additton. further aoceleratton of the base 

20 transit time for the improvement of the high frequency 
characteristte requires to further Increase the Ge con- 
tent in the regton of the base layer that Is in contact with 
the collector layer; however, when the Ge content is too 
targe, the difference in tatttoe constant between Si end 

25 Ge (latttoe mismatch) In the SiGe layer formed on the Si 
substrate causes dislocations In the base layer, deterio- 
rating the reliabinty. This indtoates that there are limits 
on an increase in the Ge content According to Refer- 
ence Document 3 (S. R. Stiffler et al., The thermal sta- 

30 binty of SlGe films deposited by ultrahlgh-vacuum 
chemical vapor deposition,* J. Appl. Phys., 70 (3), pp. 
1416-1420, 1991.), the upper fimit for a practical Ge 
content In the base layer of a heterojunction bipolar 
transistor is around 10%. Therefore, under the present 

35 dnsumstances. it Is difftouR to increase the gradient of 
the con^>osition of the ba&e layer In order to provide a 
transistor with a higher frequency or a tower voltage. 
(0008] On the other hand, the hetero]uncttonb^3olar 
transistors with the uniform composition base structure 

40 also have the Issue of the critical thickness of the base 
layer, whk:h causes distocations due to the above- 
described latttoe constant difference. In reality, the 
SKae-HBT having a high Ge content shown in Refer- 
ence Document 2 suppresses the oocunence of dislo- 

45 cations by not using a process requiring a high 
temperature treatment during fabricating. Therefore, a 
slltoon process requiring a high temperature treatment 
cannot be applied, making it impossible to reaflze a 
mixed device Ike a BiCMOS devtoe or an Integrated dr- 

so culL As a result, there are nmits on achieving tower-volt- 
age operation fcy further reducing ttie built-in potential 

8UMIVIARY OF THE INVENTION 

55 {0009] The object of the present invention is to pro- 
vide a heterojunction bipolar transistor whtoh can oper- 
ate et a tow voltage and a high speed whUe maintaining 
high reliability by provkilng a means for reducing tfie 
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amount of lattice strain in the t>ase layer even when 
there is a large difference between the average band 
gap of the collector layer and the emitter layer, and the 
band gap of the base layer. 

[0010] The heterojunction bipolar transistor of the 
present Invention comprises a first semiconductor layer 
made from semiconductor material containing Si as a 
component; a second semiconductor layer made from 
semiconductor material containing Si, Ge and C as 
components, having a band gap narrower than the first 
semiconductor layer and consisting of a top layer, a 
center layer and a bottom layer; a third semiconductor 
layer made from SI as a component, and having a band 
gap wider than the second semiconductor layer stuched 
In this order onto a substrate; and a heterojunctlon bar- 
rier provided t>etween the first semiconductor layer and 
the second semiconductor layer, and further comprises: 
a collector layer fonned In the first semiconductor layer 
and containing a first conductive Impurity; a base layer 
formed In the second semiconductor layer and contain* 
Ing a secorKi conductive impurity; and an emitter layer 
formed In the third semiconductor layer and containing a 
first conductive Impurity, the second semiconductor 
layer having an average lattice strain of 1 .0% or less. 
[001 1] By controlling the Ge and C contents in the 
second semiconductor layer represented t>y, for exam- 
ple, Si^.x.yGexCy where x is the Ge content and y is the 
C content it becomes possible to realize low-voltage 
operation due to a reduction in the built-^n potential of 
the PN Junction between the emitter and the base, and 
to improve operation speed due to the graded conposi- 
tion base structure. In that case, unlilce the SiGe layer 
epitaxially grown on the Si layer, there is no strict upper 
limit for the Ge content to prevent lattice defect resulting 
from lattice mismatch. In other words, In the second 
semiconductor layer Including SI, Ge and C as Ks com- 
ponents, the difference in t>and gap t>etween the second 
semiconductor layer and the first and third semiconduc- 
tor layers can be enlarged, while the average lattice 
strain, which results ftom the lettloe mte maftch with the 
first and third semiconductor layers that are made fjpom 
Si and other materials. Is restricted to 1 .0% or less. As 
a result, highly reliable and functional heterojunctlon 
bipolar transistor can be obtained. 
[0012] In the heterojunctlon bipolar transistor, when 
the second semiconductor layer has undergone a com- 
pressive strain, the difference In t>and gap between the 
second semiconductor layer made from SIGeC and the 
first semiconductor layer can be sufficiently laipe while 
the C content Is reduced. Ihls secures reliabnity and 
Improves functions as well 

[0013] In the heterojunctlon bipolar transistor, when 
the band gap of the second semlcorKluctor layer Is 1 .04 
eV or less, tt Is sufTidently different from the band gap of 
81, that Is, 1.12 eV or less, thereby providing the same 
advantages as above. 

[0014] In the heterojunctlon bipolar transistor, the 
first semiconductor layer Is made of Si single crystal; 



and when the second semiconductor layer has a com- 
position represented by Sl^x-yGexCy where x Is the Ge 
content and y is the C content, the composition Is In a 
region sunDunded by the following four straight lines: 

5 

Straight Rne 0: y « 0.1 22x - 0.032 

straight Ine <2): y = 0.1245x -i- 0.028 

TO straight line (S) : y = 0.2332X - 0.0233 (C content is 
22% or less) 

straight tine® : y = 0.0622x 0.0127 (Ge content 
Is 22% or less) 

15 

on two-dimensional rectangular coordinates whose hor- 
izontal axis and vertical axis indicate the Ge content and 
the C content, respectively. As a result, the lattice strain 
is restricted to 1.0% or less. 

20 [001 5] In the heterojunctlon bipolar transistor, when 
the center layer of the second semiconductor layer has 
a uniform composition, a large difference in band gap is 
secured between the second semiconductor layer and 
the first and third semiconductor layers. 

ss [0016] In the heterojunction bipolar transistor 
whose center layer has a uniform composition, when 
the C content in the top layer of the second semiconduc- 
tor layer increases in the direction from the third semi- 
conductor layer to the center layer, the band structure 

30 changes smoothly with almost no band offsets like 
notches in the emitter-ljase Junction, which provides the 
heterojunction bipolar transistor with excellent high fre- 
quency characteristic. 

IpOIT] In the heterojunction bipolar transistor 

55 whose center layer has a uniform composition, when 
the C and Ge contents In the top layer of the second 
semiconductor layer, which Is anxtnged t>etween the 
center layer and the third semiconductor layer. Increase 
In the direction from the third semiconductor l^r to the 

40 center layer, a band structure which changes further 
smoothly at the emitter-bese Junction can be obtained. 
[0018] In ttie heterojunction bipolar transistor 
whose center layer has a unKbmri composition, when 
the C content In the bottom layer of the second semi- 

45 conductor layer decreases In the direction from the 
center layer to the first semiconductor layer, the band 
structure changes further smoothly with almost no band 
offsets Rke notches In the emitter-t}ase Junction, 
[0019] in the heterojunction bipolar transistor 

so whose center layer has a unlfomi composition, when 
the C and Ge contents In the bottom layer of the second 
semiconductor layer decrease In the direction from the 
center layer to the first semiconductor layer, the band 
structure changes further smoothly at the emitter-t)ase 

65 Junction. 

[0020] In the fundamental structure of the hetero- 
junctlon bipolar transistor, the band gap In the center 
layer of the second semiconductor layer decreases In 



3 



6 



EP1065728 A2 



6 



the direction from the third semlcondtx:tor layer to the 
first semiconductor layer, the transit of the carriers In the 
base layer is stimulated by an electric field, which acx^el- 
erates the base transit time, thereby providing the high- 
speed heterojunction bipolar transistor. 
[0021 ] In order to decrease the band gap o( the sec- 
ond semiconductor layer in the direction from the third 
semiconductor layer to the first semiconductor layer, the 
following structures are available. 
[0022] The third semiconductor layer may be exclu- 
slvefy made from Si; the top layer of the second semi- 
conductor layer may have a composition which changes 
coii!tiguously to the center layer, and the portion of the 
top layer that Is In contact with the third semiconductor 
layer may be exclusively made from Si; and the center 
and top layers of the second semiconductor layer may 
have a graded composition where at least one of the Ge 
content and the C content increases in the direction 
from the third semiconductor layer to the first semicon- 
ductor layer. 

[0023] In that case, in the center and top layers of 
the second semiconductor layer, the Ge and C contents 
increase while the ratio between these contents Is kept 
constant 

[0024] In the heterojunction bipolar transistor 
whose second semiconductor layer has a graded com- 
position, when the C content or the C and Ge contents 
in the bottom layer of the second semiconductor layer 
deciease in the direction from the center layer to the first 
semiconductor layer, the band structure changes 
smoothly with almost no l^and offeets like notches in the 
emitter-base junction as mentioned above. 
[0025] In the heterojunctkm bipolar transistor 
whose second semk^nductor layer has a graded oom- 
posttlon. when the top layer of the second semteonduc- 
tor layer is made from Si and contains at least one of Ge 
and C, either the Ge content or the C content may be 
changed In the directton from the third cemioonductor 
layer to the first semkx>nductor layer. 
[0026] Structures having such a graded compos!- 
tk}n are as follows. 

[0027] When the center layer of the second semi- 
conductor layer has a composition whk:h undergoes a 
compressive strain, there Is a graded oomposltton 
where the Ge content Increases in the direction from the 
third semkx>nductor layer to the first semk:onductor 
layer, whHe the C content Is kept constant; there Is 
another graded composition where the C content 
decreases In the directkm from the third 6emk:onductor 
layer to the first semlcondudor layer. whNe the Ge con- 
tent Is kept constant; there Is further another graded 
composition where the Ge content kx:reeses and the C 
content decreases In the dlrectton firom the third semi- 
conductor layer to the first semkx)nductor layer; and 
there Is further another graded composition where the 
Ge content and the C content Increase In the directten 
from the third semiconductor layer to the first 8emk:on- 
ductor layer. 



[0028] When the center layer of the second semi- 
conductor layer has a composltton whfeh undergoes a 
tensile strain, there is a graded composition where the 
Ge content decreases in the directk>n from the third 

5 semkxxidudor layer to the first semhx>nductor layer, 
while the C content Is kept constant; there is another 
graded composition where the C content Increases In 
the directton from the third 6emkx>nductor layer to the 
first semk»nductor layer, while the Ge content Is kept 

10 constant; there is further another graded composition 
where the Ge content decreases and the C content 
increases in the dlrectksn from the third semkx)nductor 
layer to the first semkwnductor layer; and there is fur- 
ther another graded composition where the Ge content 

15 and the C content increase In the direction from the third 
semteonductor layer to the first semkx)nductor layer. 
[0029] By provWing the center layer of the second 
semkx)nductor layer with a graded compositton within 
the regton having either a compressive strain or a ten- 

20 sile strain, the SIGeC content changes without passing 
through the region where the center layer made from 
SiGeC is lattice-matched. This can avoids inconven- 
iences like a reverse gradient of the band gap in the 
center layer of the second semconductor layer. 

25 [0030] In the heterojunction bipolar transistor where 
the center layer of the second semiconductor layer has 
a graded composition, It is preferable that either the C 
content or the C and Ge contents in the top layer of the 
second semkX)nductor layer increases in the direction 

30 from the third semkx>nductor layer to the center layer. 
[0031 ] It is also preferable that either the C content 
or the C and Ge contents in the bottom layer of the sec- 
ond semkx>nductor layer decrease in the direction from 
the center layer to the first semkx)nductor layer. 

35 [0032] The method fbr fabrkading a heterojunctk>n 
bipolar transistor of the present Inventton coniprislng: 
process (a) for forming, on a first semteonductor layer of 
first conducthdty type whk:h contains SI as aoomponent 
and functfons as a collector layer, a second semk»n- 

40 ductorlayercontalning a SiGaC layer and having a nar- 
rower band gap than the first senrdconductor layer and 
an average laltk:e strain of 1.0% or less; process (b) for 
fomiing a third semteonductor layer containing at least 
Si and having a band gap wMer than the second semi- 

45 conductor layer onto the second semiconductor layer; 
process (c) for forming a conducthra layer containing a 
first conductivity type impurity whk^ Is In contact with a 
part of the thlrel semk^nductor layer; process (d) for 
fonning a base layer by Introducing a second oonductiv- 

50 Ity type knpurtty at least to a part of the second semi- 
conductor layer; and process (e) for fomfilng an emitter 
diffusion layer by diffusing the first conductivity type 
bnpurlty ki saM conductive layer krto the third senifoon- 
ductor layer by a heat treatment 

B5 [0033] Aooording to this method, It has been con- 
finned that in fabricating the heterojunction bipolar tran- 
sistor, when the ctystalllne of the second tenlloonductor 
layer Inckiding sC Ge and C has an average lattfoe 
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strain of 1 .0% or less, the excellent crystaNine te main- 
tained after the heat treatment conducted In the process 
(e). Thus, the diffusion of the first conductivity type 
Impurity from the conductive layer nr^kes It possible to 
provide the emitter diffusion layer only at the local por- 5 
tion of the third semiconductor layer, thereljy achieving 
a heterojunction t})polar transistor with excellent electric 
properties including a Ngh frequency characteristic. 
[0034] It Is preferBt)le that a Si layer Is used for the 
first semiconductor layer, and In said process (a), a Si^ 10 
x-yGCxCy layer (where x is the Ge content and y is the C 
content) is formed as the second semiconductor layer, 
and In said process (b), a SI layer Is formed as the third 
semiconductor layer. 

[0035] It is also preferable that In the process (a), is 
the second semiconductor layer is fomned to have a 
composition in the range 6um}unded by four straight 
fines as follows on two-dimensional rectangular coordi- 
nates whose horizontal axis and vertical axis indicate 
the Ge content and the C content, respectively; 20 

straight line 0: y = 0.l22x - 0.032 
straight Rne ®: y = 0.1245x + 0.028 
straight line (3): y = 0.2332x - 0.0233 (Ge content 
Is 22% or less) 2S 
straight line 0: y = 0.0622X + 0.0127 (Ge content 
is 22% or less). 

[0036] In the process (b), the first conductivity type 
Impurity Is doped in the third semiconductor layer con- 3? 
currently with epitaxial growth in order to increase the 
concentration of the Impurity In the third semiconductor 
layer in addition to the Introduction of the Impurity in the 
process (e), while avoiding the Influence of the concen- 
tration of the knpurtty on the other region. as 

BRIEF DESCRIPTION OF THE DRAWINGS 

[00371 

40 

Figure 1 is a state diagram showing the relation 
between the Ge arxl C contents, band gap and lat- 
tice strain in a SIGeC ternary mixed crystal semi- 
conductor. 

Figure 2 Is a cross sectional view of the heterojunc- 45 
tion bipolar transistor In the embodiments of the 
present Invention- 
Figures 3 (a) to 3 (k) are cross sectional views 
showing the fabrication processes of the hetero- 
junction bipolar transistor in the embodiments of the so 
present Invention. 

Figures 4 (a) to 4 (c) show the energy band struc- 
ture of a prior art NPN-type S1-6JT, the energy band 
structure of a prior art NPN-type SIGe-HBT having 
a base layer with a uniform composition and the ss 
energy band structure of a NPN-type SIGeC-HBT 
having a SiGeC base layer with a unlfonn composi- 
tion of the embodimente, respectively. 



Figure 6 Is a diagram showing a comparison of the 
base voltage dependence characteristic (Gummel 
plots) of the base and collector cunent In the heter- 
ojunction bipolar transistor of the embodiments of 
the present Invention to those of the prior art SI-BJT 
and the prior art SIGe-HBT 
Rgures 6 (a) and 6 (b) are respectively a diagram 
showing the relation tietween the position of each 
crystal layer of the heterojunction bipolar transistor 
In which boron for the base layer Is doped In a wider 
range than the SiGeC layer having a uniform com* 
position and the positions of the base, emitter and 
collector, and a diagram showing the energy band 
of the transistor. 

Figures 7 (a) and 7 (b) are respectively a diagram 
showing the relation between the position of each 
crystal layer of the heterojunction bipolar transistor 
In which boron for the base layer Is doped wltiiln ttie 
SiGeC layer having a uniform composition and the 
positions of the base, emitter and cottector, and a 
diagram showing the energy band of the transistor. 
Figures 8 (a) and 8 (b) are respectively a diagram 
showing the relation between the position of each 
crystal layer of the heterojunction bipolar transistor 
In which boron for tiie base layer Is exclusively 
doped In tfie SlGeC layer consisting of a center 
layer having a uniform composition and a top and 
bottom layers having a graded composition and the 
positions of the base, emitter and collector, and a 
diagram showing the energy band of the transistor. 
Figures 9 (a) and 9 (b) are respectively a diagram 
showing tiie relation between the position of each 
crystal layer of tfie heterojunction bipolar transistor 
in which boron for the base layer is exclusively 
doped In the SIQeC layer consisting of a center 
layer having a uniform composition and a top and 
bottom layera having a graded composition (C 
only), and tt>e positions of the base, emitter and col- 
lector, and a diagram showing the energy band of 
tne transistor. 

Figure 10 Is a state diagram showing the region 
which undergoes a compressive strain of 1.0% or 
less, concerning the same parameterB as In Figure 
1. 

Figures 11 (a) to 11 (c) show the energy band 
structure of the prior art SIGe-HBT having a base 
layer witfi a graded composition, the energy band 
structure of the SIGeC-HBT of tfie second embodi- 
ment having a base layer with the graded composi- 
tion and a diagram showing the Ge content. C 
content and t)oron concentration of the SiGeC4HBT 
of the second embodiment, respectively. 
Rgure 12 Is a state diagram showing the direction 
of changing ttie composition when the Ge and C 
oontsntB are changed Inearly whHe loeeptng the 
ratio between them constant inthe second embod- 
iment, ocncemlng the same parameters as In Rg- 
urel. 
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Figures 13 (a) and 13 (b) show the energy band 
structure of the SlGeC-HBT of the third embodi- 
ment having a graded composWon and a diagram 
showing the Ge content, C content and boron con- 
centration of the SKaeC-MBT. respectively. 
Figure 14 Is a diagram for explaining a preferable 
composition gradating method for gradating the 
band gap In the region which has undergone a 
compressive strain shown In the state diagram of 
the SIGeC layer. 

Figures 15 (a) to 15 (d) are diagrams showing the 
composition gradating methods respectively corre- 
sponding to the straight lines Col to Co4 shown In 
Rgure 14. 

Figure 16 Is a diagram for explaining a preferable 
composition gradating method for gradating the 
band gap In the region which has undergone a ten- 
sile strain shown In the state diagram of the SIGeC 
layer. 

Figure 17 (a) to 17 (d) are diagrams showing the 
composition gradating methods respectively corre- 
sponding to the straight lines Tel to Te4 shown in 
Figure 16. 

Figure 18 Is a plot showing the relation between the 
Ge content, lattice strain and critical thickness of 
the SiGe film formed on the Si layer in the prior art 
SiGe-HBT or the filce. 

Figure 19 Is a data showing changes In crystallinity 
when a heat treatment (Rapid Thermal Annealing: 
mA) for 15 seconds at 950^ is applied to the 
SIGeC crystal layer represented by a general for- 
mula: Si^.x-yGOxCy. 

Figures 20 (a) to 20 (d) are diagrams showing 
changes In X-ray diffraction spectra as a result of 
the heat treatment In each composition of the Si^. 
xGex crystal layer and the Si^xV^^xPy crystal 
layer. 

Figure 21 Is a diagram showing V^e-Ic property In 
the emitter ground of the bipolar tianslstors handng 
as the base teyar the Sl|.xGex crystal layer and the 
Sii-x-yGexCy crystal layer with a Ge content of 
2^£%. 

Figure 22 is a diagram showing Vce-k: property in 
the emitter ground of the bipolar treuislstors having 
as the base layer the Sl^xGey crystal layer and the 
Sii.x.yGexCy crystal layer with a Ge content of 
26.8%. 

DETAILED DESCRIPTION OFJHE INVENTION 

•Advantages of making the base layer of a SIGeC layer- 

[0038] Before de8crtt)lng each emt>odlment of the 
present Invention, advantages of using a SIGeC layer 
whteh Is a ternary mixed crystal semteonductor contain- 
ing SI. Ge and C for the base layer In a heterojunctlon 
bipolar transistor WIN be described as foHows. 
[0039] Rgurv 18 te a ptot showing the relation 



between the Ge content lattkx strain and critical thick- 
ness of the SIGe film formed on the Si layer In the prior 
art SIGe-HBT or the Rke. Judging from the tact that the 
minimum thtekness of the base layer practical for a HBT 
5 is around 25 nm. It will be necessary for the SIGe film to 
have a composition with a lattice strain of less than 
0.6%. 

[0040] On the other hand, some infbrmatksn of the 
band gap of the SiGeC ternary mixed crystal semkx>n- 

10 ductor Is described In Reference Document 4 (K. Brun- 
ner eL al., "SiGeC: Band gaps, band offsets, optical 
properties, and potential apptications,* J. Vac. Sk;. 
Technol. B 13 (3). pp. 1701-1706. 1998). This Infomfia- 
tion reveals that the S'iGeC ternary mixed crystal seml- 

15 conductor has a narrower band gap than SI single 
crystal, and that a semiconductor layer having a small 
lattice strain can be formed by provWing a SIGeC layer 
on the Si single crystal. 

[0041] Figure 19 Is a data obtained from experl- 

20 ments conducted by the Inventors of the present inven- 
tton, showing changes in crystallinity when a heat 
treatment (RTA)is applied for 15 seconds at 950'*C to 
the SiGeC crystal layer represented by a general for- 
mula: Si^.x-yGexCy In this diagram, the horizontal and 

25 vertteal axes iTKficate the Ge content and the C content, 
respectively, and straight lines Indrcate composition 
requirements for keeping the amount of strain (Including 
compressive and tensile strains) and band gap con- 
stant Each symbol Q indk:ates the values of the Ge 

30 and C contents when the crystalline Is well maintained, 
and each symbol X indk^ates the values of the Ge and C 
contents when the crystalRne is deteriorated. The dia- 
gram reveals that in the Sii.^.yGexCy crystal layer, the 
crystalline is weN maintained without being deteriorated 

35 as k)ng as the strain Is below 1.0% even If It Is over 
0.5%. Although the data of Figure 19 only shows the 
case of compressive strain, the same amount of strain is 
consktersd to be a cfftfcal value for the tensile strain on 
principle. 

40 [0042] Figures 20 (a) to 20 (d) are diagrams show- 
ing changes in X-ray diffractkxt spectra as a result of the 
heat treatment in each composttk>n of the SI^^Gex crys- 
tal layer and the Sl^.^ yGCjcCy crystal layer. Of these dia- 
grams. Figures 20 (a) and 20 (d) only show changes In 

45 the X-ray dHfractton spectra of the Sli.xGex crystal layer 
when the tayer has a Ge content of 13.2% and 30.5%, 
respectively, and Figure 20 (b) and 20 (c) show 
changes ki X-ray diffraction spectra as a result of the 
heat treatment In the S\^.xjfi«tf^ crystal layer and the 

so S^.xGex crystal layer when these layers have a Ge con- 
tent of 21 JS% and 26.6%. The composmons of the S\^.^, 
yGeyCy crystal layer shown ki Figures 20 (b) and 20 (c) 
are Included In a measured point shown In Figure 19. 
For exarr^le. ki Figure 20 (a), on and after the second 

85 d{ffrBctk>n peaks on both skies of the zero dWractton 
peak do not change so much (not broken) after the heat 
treatment so that the crystaHlna of the Sit.xGex crystal 
layer Is considered to be maintained comparatively well. 
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This oomposWon corresponds to that of the Sl^.^Ge^ 
crystal layer havtng a strain of 0.5% or so shown in Fig- 
ure 18. As shown in Figure 20 (d), when the Ge content 
Is 30.5%, on and after the second diffraction peak pat- 
terns on both sides of the zero diffraction peak are 
hardly recognized after the heat treatment, so that the 
crystalline of the Si^.^Ge^ crystal layer Is considered to 
is deteriorated This composition con-esponds to that of 
the SI^.^Ge^ crystal layer having a strain of 1.0% or 
above shown In Figure 18. 

[0043] On the other hand, In Figure 20 (b), on and 
after the second diffraction peaks on both sides of the 
zero diffraction peak do not change so much (not bro- 
ken) after the heat treatment, so that the crystalline of 
the Sl^.x-yGexCy crystal layer having a C content of 
0.33% Is considered to be maintained comparativety 
well. In contrast when the C content is 0, or in the case 
of the Sli.xGeK crystal layer, on and after the second dif- 
fraction peak patterns on both sides of the zero diffrac- 
tion peak are unclear after the heat treatment, so that 
the crystalline of the SI^.^Gex crystal layer Is considered 
to be deteriorated. This result holds true for Figure 20 
(c). 

[0044] Figure 1 is a state diagram showing the rela- 
tion between the Ge and C contents, band gap and lat- 
tice strain in a SiGeC ternary mixed crystal 
semiconductor. In this diagram, the horizontal and verti- 
cal axes Indicate the Ge content and the C content, 
respectively, and straight lines indkate composition 
requirements for keeping the amount of strain (including 
compressive and tensile strains) and band gap con- 
stant As the data In Figures 19, and 20 (a) to 20 (d) 
show, the dot-hatched regk>n in Figure 1 b the regfon 
where the amount of latttoe strain in the SiGeC layer on 
the SI layer Is less than 1.0% and the band gap can be 
nanower than the band gap of the prior art practical 
SiGe (having a Ge content of about 10%). When the Ge 
and C contents In SlGeC represented by Sl^.x^exCy 
are made x and y, respectively* the above-mentioned 
region Is sunounded by the following four straight Ines: 

Straight line O: y = 0.1 22x - 0.032 

Straight nne ® : y = 0.1 245x + 0.028 

Straight fine O: V « 0.2332X • 0.0233 (Ge content 

Is 22% or less) 

Straight line y e 0.0622x + 0.0127 (Ge content 
Is 22% or less) 

[0045] In the dlagrant. the SiGeC layer having the 
composilfon shown on the straight line with a 0% lattice 
strain Is lattk:e-matched with the underlying SI layer. 
[0046] Consequently. In a hetero]unctk>n bipolar 
transistor consisting of an emitter. t>ase end collector 
layers, making the base layer from the SIGeC having 
the oomposttfon shown In the dot-hatched regfon of Fig- 
ure 1 realizes a narrow band gap base w/hlch has been 
a practk:al problem due to lattice strain. 
[0047] As e result acoonfing to the present knen- 



tton. using SiGeC ternary mixed crystal semiconductor 
material having a narrow band gap and causing a small 
amount of lattice strain for the base layer makes It pos- 
sible to realize a highly reliable hetercjunctfon bipolar 
5 transistor which can operate at a fow voltage and a high 
speed. 

[0046] Although Rgure 1 shows the case where the 
underiying layer of the SiGeC layer Is composed of Si 
only, the same effects could be obtained when the 
10 underlying layer contains some Ge or C t>eskles SI as 
tong as the lattice strain of the SIGeC layer Is 1 .0% or 
less and a large difference In band gap is secured 
between the underlying layer and the SiGeC layer. 

T5 -The entire structure of the heterojunction bipolar tran- 
sistor Emd an example of its fabricatfon processes- 

[0049] Figure 2 shows a cross sectional view of a 
heterojunction bipolar transistor of the present Invention 

20 which has a collector layer made from Si crystal and a 
base layer made from SiGeC crystal. 
[0050] As shown in Figure 2, a first active region 
Rel and a second active region Re2 sun'ounded by a 
LOCOS fikn 2 are provided on a Si substrate 1. A sub 

25 collector layer 3a containing an n-type Impurity Is 
formed in such a manner as to extend between the first 
active region Rel and the second active region Re2 
inside the Si substrate 1. Also, a SI epitaxial layer 20, 
which Is an epitaxlally grown first semnonductor layer, 

X is provided on the sub collector layer 3a ki the Si sub- 
strate 1. Of the Si epitaxial layer 20, the first active 
region Rel and the second active region Re2 have a 
collector layer 3b and a collector wall layer 3c, respec- 
threly. Furthennore. a SiGeC layer 4 as a second seml- 

35 conductor layer, and a Si layer 5 as a third 
semkx)nductor layer are epltaxially grown In this order 
on the first active regfon Re1 of the SI epitaxial layer 20. 
It must be noted that the SIGeC layer 4 and the Si layer 
5 become single crystalline films on the portion where 

40 the SI epitaxial layer 20 on the substrate Is axpoaed, but 
become polyaystalline films on the LOCOS film 2. The 
regfon above the collector layer 3b In the SiGeC layer 4 
is an intrinsfo base layer 8a containing a p-type Impurity. 
In the regfon beside the kitrinsk; base layer 8a, an exter- 

45 nal base layer 8b Is fonned in such a manner as to 
extend throughout each portion of 8x, 6y and 8z ki the 
SiGeC layer 4, the Si layer 5 and the SI substrate 1, 
respectively. Moreover, an emitter layer 9 containing an 
n^ype Impurtty is formed in the regfon above the fotrin- 

50 sic base layer 8a in the Si layer 5. 

[0051] The boundary between the kitrinsfo base 
layer 8a and the collector layer 3b is shown by a single 
Ine In Figure 2; however. In reality, the PN Junction, 
whfoh becomes the boundary between the base and the 

85 collector changes in accordance with the state the 
inrpurity has been kitroduced. Consequently, the 
boundary between the krtrlndc base 6a and the coliec- 
tor layer 3b and the boundary between the St epitaxial 
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lay«r 20 and the SiGeC layer 4 hardly coincide with 
each other. This holds true for the positional relation 
between the boundary of the Intrinsic base layer 8a and 
the emitter layer 9 and the boundary of the SIGeC layer 

4 and the SI layer 5. The posltionai relation between the 
boundary of the SI epitaxial layer 20. the SIGeC layer 4 
and the SI layer 5, and the boundary of the collector 
layer 3b, the Intrinsic base layer 8a and the emitter layer 
9 will be detailed below. 

[0052] Furthenmore, a BSG (Boron Silicate Glass) 
film 6 containing a high-concentration p-type Impurity Is 
provided on the Si layer 5, and the external base layer 
8b Is doped with boron, which is a p-type Impurity dif- 
fused from the BSG film 6. A sidewall 10 made from a 
silicon oxide Is fomned on the side surfaces of the open- 
ing of the BSG film 6, and an emitter electrode 11 made 
from polyslllcon containing a high-concentration n-type 
impurity (like phosphoms) is fonned Inside the opening. 
A high-concentration emitter layer 9a made by diffusing 
an n-type impurity (liice phosphorus) Into the emitter 
layer 9 from the emitter electrode 11 Is formed. It must 
be noted that an n-type impurity (phosphorus or 
arsenic) can be Introduced In the emitter layer 9 previ- 
ously by being doped in-situ during the epitaxial growth. 
[0053] On the second active region Re2 In the Si 
substrate 1, a collector electrode 12 containing an n- 
type impurity (Rke phosphorus) is formed. A collector 
contact layer 14 containing the n-type impurity diffused 
from the collector electrode 12 is fomed on the collector 
wall layer 3c. An Interievel insulator film 13 made from a 
silicon owde is formed on the main surfece of the sub- 
strate, and Al interconnections 21, 22 and 23 are 
formed to be connected to the emitter electrode 11. the 
SI layer 5 and the coiiector electrode 12, respectively, 
via contact holes fonned on the interievel insutating film 
13. The portion of the polycrystalline film of the Si layer 

5 and the SiGeC layer 4 leads to the external base l^er 
8b lonned In the ctystal film portion, and functions as a 
soiled base electrode. 

[0054] In the heterolunction bipolar transistor of this 
example, the BSG film 6 for impurity doping having an 
opening is formed on the SlGeC layer 4 and the SI layer 
5 which are epKaxially grown, and the external base 
layer 8b Is fonned by diffusing boron, which Is an p-type 
Impurity, from the BSG film 6, and the high-concentra- 
tion emitter layer 9a is formed by diffusing the N-type 
irr^urlty Into the emitter layer 9 from the emitter elec- 
trode 11 fomied in the opening of the BSG film 6. Thus, 
each of the external base layer 8b and the high-concen- 
tration emitter layer 9a Is formed in a self-eligned man- 
ner In the opening of the BSG film 6. It Is not necessary 
that both the external base layer 8b and the high-con- 
centration emitter layer 9a are formed in a self-aligned 
manner In the opening of the BSG film 6. 
[0055] A method for fabilcading the heteroiunctlon 
bipolar transistor of the present embodiment win be 
described as follows with reference to Figures 3 (a) to 3 
00. 



[0056] First, In the process Of Figure 3 (a), after the 
sub collector layer 3a Implanted with a hlgh-ooncentra- 
tion n-type impurity is formed Inside the Si substrate 1, 
the SI epitaxial layer 20 containing a fow-concentration 

5 n-type Impurity is epitaxlally grown by a LP-CVD proc- 
ess, then the LOCOS film 2 surrounding the first and 
second active regions Re1 and Re2 onto the Si epitaxia] 
layer 20 are fomed. The epltaxlatly grown Si epitaxial 
layer 20 becomes the collector layer 3b in the first active 

10 regton Rel , and becomes the collector wall layer 3c In 
the second active region Re2. 
[0057] In the process of Figure 3 (b). an about 50 
nm-thldc p-type SIGeC layer 4 doped with boron at por- 
tions other than its top end portion and bottom end por- 
ts Hon, and an about 20 nm-thidc SI layer 5 not doped with 
anything are epitaxlally grown in this order onto the 
entire surface of the substrate by a UHV-CVD process. 
In this case, the SiGeC layer 4 and the Si layer 5 are sin- 
gle crystainne films on the portion where the silicon sur- 

20 face Is exposed, and are polycrystalline films on the 
LOCOS film 2. In growing the SIGeC layer 4. In a UHV- 
CVD device, the flow rates of disilane (SigHg), germane 
(GeH4) and methyisllane (10% SlHaCH^/Hg) are set at 
7^ mlAnln., 20 mlAnin. and 10 ml/min., respectively, and 

25 the temperature and pressure of the growth are set at 
500"C and 0.53 Pa (4x10"^ Ton), respectively, ingrow- 
ing the Si layer 5, in the UHV-CVD device, the flow rate 
of disilane (Si2H6) Is set at 7.5 ml/min., and the temper- 
ature and pressure of the growth are set at 550*C and 

30 0.27 Pa (2 X 1 0"® Ton^, respectively. In addition, the tim- 
ing at which boron is Introduced during the epitaxial 
growth of the SIGeC layer 4 Is so controlled as to acQust 
the positional relation between the collector-base junc- 
tion and the boundary of the SI layer 5 and the SIGeC 

35 layer 4. 

[0058] When the SI layer 5 (Si single crystainne fftm 
and Si polycrystalRne film) Is epitaxlally grown, a rela- 
tively high concentration of a n-pe Impurity (phosphorus 
or arsenic) may be Introduced by being doped in-situ. 

40 [0059] In the process of Figure 3(e). of the SIGeC 
layer 4 and the Si tayerS. other portions than the portion 
which functions as the active base layer and the drawing 
base electrode are eRmlnated by dry etching. 
[0060] In the process of Figure 3 (d), after the BSG 

45 film 6 having a thidcness of about 200 nm and contain- 
ing about 8% of boron Is deposited by an atmospheric 
pressure CVD onto the entire surface of the substrate, 
ttie BSG film 6 is patterned by a photolithography proc- 
ess and a dry etching process so as to eliminate the 

« second active region Re2 entirely and to form an open- 
ing 6a for emitter electrode fonnation on the first active 
regfon Rel. 

[0061] In ttie process of Figure 3 (e). an about 100 
nm-thldc protective nitride film 7 is d^slted on the 
£5 entire surface of tiie substrate by the CVD process. Dur- 
ing the diffuston of boron In the next process, the protec- 
ttvw nitride film 7 prevents boron from coming out of the 
BSG film 6 Into the vapor phase end adhering to the 
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exposed portion of the sWoon surfeioe to difruse In the 
substrate. 

[0062] In the process of Figure 3 (f), a heat treat- 
ment k perfoimed for 10 seconds at 950«C In accord- 
ance with a RTA (Rapid Themial Anneal) process. In 
order to diffuse boron in the BSG film 6 into the portion 
below the BSG film 6 in the Si layer 5 (the portion 
around the opening 6a), the portion below the BSG film 
6 In the SiGeC layer 4 and the portion below the BSG 
film 6 In the collector layer 3b. In this process, the por- 
tions 8x and ez below the BSG film 6 in the SI layer S 
and the collector layer 3b (the portion around the open- 
ing Ba) become p type, and the portion 8y below the 
BSG film 6 in the SiGeC layer 4 has a higher-concentra- 
tion p-type impurity to have lower resistance. As a 
result, in the portion around the opening 6a, the external 
base layer 8b is formed in such a manner as to extend 
throughout the portions 8x. 6y and 6z in the Si layer 5, 
the SiGeC layer 4 and the collector layer 3b. As shown 
in Rgures 19 and 20 (a) to 20 (d). the crystalline of the 
SiGeC layer of the present invention Is maintained well 
without deterioration. 

[0063] In the process of Figure 3 (g), the protective 
nitride fi^ 7 is etch backed by anisotropic dryiMchlng to 
form the sidewaN 10 on the sides of the BSG film 6. The 
sidewall 10 secures the pressure resistance of the high- 
concentration emitter layer and the external base iayer 
which will be formed below. 

[0064] In the process of Figure 3 (h), after a polysil- 
Icon film doped with high-concentration phosphorus, 
which is to be the emitter electrode and the collector 
electrode, is deposited by a LPCVPD process, the poly- 
silioon film Is patterned by dry etching to form the emit- 
ter electrode 11 and the collector electrode 12 onto the 
first active region Rel and the second active region 
Re2, respectively. 

[0065] In tfie process of Figure 3 (i). the Interlevel 
Insulating film 13 made from a slPcon oxide te deposited 
by the CVD process. 

[0066] In the process of Figure 3 0), the hlgh-oon- 
centratlon emitter layer 9a Is formed by diffusing phos- 
phorus to the emitter layer 9 and the top end portion of 
the SIGeC layer 4 from the emitter electrode 11 by the 
heat treatment (RTA) lor 1 0 seconds at 950«C. Also, the 
collector contact layer 14 Is fomned by diffusing phos- 
phorus Into the collector wall layer 3c from the collector 
electrode 12. In this case, as shown In Figures 19 and 
20 (a) to 20 (d), the crystalfine of the SiGeC layer of ttie 
present Invention is maintained welt without detertore- 
tion. 

[0067] In the process of Figure 3 (k), after contact 
holes which reach the emitter electrode 1 1 , the SI layer 
6 and tiie collector electrode 12. respectively, are 
formed in the interlevel Insulating film 13 by dry etching, 
the Al interoonnections 21, 22 and 23 are formed in 
such a manner as to extend from Inside each contact 
hole onto ttie Interlevel insulating film 13. 
[0068] In each of the foRowIng embodiments, the 



structure of the emitter, t>ase and collector layers wlll be 
descHbed by taking as an example the hetero)unction 
bipolar transistor with ttie structure shown in Figure 2 
and fabricated through the processes shown in Figures 

5 3 (a) to 3(k), while referring to ttie properties Including 
ttie compositton and tensile strains and band gap 
shown In Figure 1. It must t>e noted that the structure 
and fabricatfon processes of ttie heterojunctton bipolar 
transistor of the present Inventton are not fimited to the 

10 one shown In Figure 2 or those shown in Figures 3 (a) 
to3(k). 

(EMBODIMENT 1) 

IS [0069] Rrst, the SIGeC-HBT of ttie present embod- 
iment whk;h includes the intrinsic base layer 8a made of 
the SiGeC layer 4 having a uniform composition will be 
described. 

[0070] Figures 4 (a) to 4 (c) show the energy band 

20 Structure of the prior art NPN-type Si-BJT. ttie energy 
band structure of the prior art NPN-type SIGe-HBT hav- 
ing a base layer with a uniform composition and the 
energy band structure of the NPN-type SiGeC-HBT of 
ttie present invention having a SiGeC base layer witti a 

25 unifbmn composition, respectively. 

[0071] In ttie prior art NPN-type SI-BJT shown in 
Figure 4 (a), between the emitter and the base, the 
potential difference Al between the conduction bands is 
equal to the potential difference B1 t}etween the valence 

30 bands. Between the base and the collector, the potential 
difference A2 between the conduction bands is equal to 
ttie potential difference B2 between the valence bands. 
[0072] In contrast, in ttie prior art NPN-type SiGe- 
HBT shown ki Figure 4 (b). between the emitter and the 

3S base, ttie potential difference B1 between ttie valence 
bands is larger than the potential difference Al between 
the conduction bands. This indk^ates ttiat ttie built-in 
potential can be reduced. Consequentiy. it becomes 
possble to reduce the voltage required to keep ttie flow 

40 rate of carriere(electrori6 In this case) flowing from the 
emitter to ttie base constant, thereby to realize lowvolt- 
age operatk>n. 

[0073] However, as menttoned above, the Ge con- 
tent of the SiGe base layer Is generally set at 10% or 

45 less to suppress ttie oocurrenoe of dlskx»tk>ns due to 
lattk:e mismatch. This makes It impossa)te to have a 
very large difference In band gap between the SiGe 
layer and ttie Si layer, and further makes it Impossible to 
have a very large difference (B1 • Al) or (B2 - A2) 

BO between ttie potential difference 81 or B2 of ttie valence 
bands and ttie potential difference Al or A2 of the con- 
ductton bands. As a result, there are limits on the lower- 
voltage operation. 

[0074] On ttie ottier hand, in ttie NPN-type SIGeC- 
55 HBT of the present Invention shown In Figure 4 (c), 
between ttie emlttef layer 9 and ttie kittlnsk; base layer 
8a, ttie ditrerenoe (81 - Al) between ttie potential differ- 
ence 81 of tiie valence bands and ttie potential differ- 
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ence A1 ofthe conduction bonds can be larger, and also 
between the Intrinsic base layer Sa and the collector 
tayer 3b, the difference (B2 • A2} between the potential 
difference B2 of the valence bands and the potenttal dif- 
ference A2 of the conduction bands can be larger than 
ki the prior art NPN-type SiGe-HBT. Thus, in the 
present embodinient. the SIGeC layer 4 corrtalnlng the 
intrinsic base layer 8a has a composition corresponding 
to the dot-hatched region shown in Figure 1 so as to 
suppress the lattice strain in the Intrinsic base layer 8a 
to 1.0% or less and to malce the band gap smaller than 
that of the conventional practical SiGe layer (having a 
Ge content of about 10%). Consequently, achievement 
of the atxjve-mentioned lower-voltage operation can be 
accelerated. 

[0075] The following is a description of the differ- 
ence in band gap between Si. SiGe and SlGeC com- 
posing the respective base layers of the prior art Si-BJT, 
the prior art SIGe-HBT and the SIGeC+IBT of the 
present invention. 

[0076] In the present embodiment, the SiGeC com- 
posing the base layer has a Ge content of 30% and a C 
content of 2.1%. As shown in Figure 1 , this composition 
has a lattice strain of 1 .0% or less, and the band gaps of 
81, of practical SiGe and of the SiGeC of the present 
embodiment are as follows: 

SI 

:1.12eV 

SiGe (Ge content 10%) 
:1.04eV 

SlGeC (Ge content 30%, C content 2.1%) 
: 0.95 eV 

[0077] Consequently, In the heterojunction bipolar 
transistor containing an Intrinsic base layer composed 
of the SiGeC layer having this composition, the base 
layer can have a nant>wer band gap than the base layer 
composed of SI or SiGe. As a result, as shown In Figure 
4 (c), the heterojunction bipolar transistor operative at a 
low voltage and having a large difference (B1 - A1) 
between the potential difference 81 of the valence 
bands and the potential differef)ce A1 of the conduction 
bands between the emitter layer 9 and the Intrinsic base 
layer 8a, and also having a large difference (B2 - A2) 
tMtween the potential difference B2 of the valence 
bands and the potential difference A2 of the conduction 
bands between the Intrinsic base layer 8a and the col- 
lector layer 3b. 

[0078] Figure 6 Is a diagram showing a comparison 
of the base voltage dependence characteristic (Gum- 
nwl plots) of the base and collector current In the heter- 
o]unction bipolar transistor of the present embodiment 
to those of the Si-BJT and SiGe-HBT of prior art Provi- 
sion of a heterojunction bipolar transistor with a base 
layer made from SlGeC having a nan^ow band gap as In 
the pnasent embodiment reduces the bullt-ln potential In 
the PN junction between the emitter end the base to 
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obtain a targer ooOector cunent with a lower vottage 
than In the prior art SIGe-HBT having a uniform compo- 
sition. Thus, in the SIGe-HBT of the present emtxxli- 
ment, operation at an unprecedentedly low voltage has 

5 been achieved. 

[0079] Figures 21 and 22 are diagrams showing 
VcE-lc property (the relation between the collector- 
emitter voltage and the collector cun-ent) In the emitter 
grounded configuration of the bipolar transistors having 

10 as the base layer the Si^.^GOx crystal layer and the Sl^. 
x-yGOxCy crystal layer with a Ge content of 21 .5% and 
26.8%, respectively. As known from these diagrams, in 
the bipolar transistor using the Si^.xGex crystal layer, 
there is almost no region where the collector current Ic 

IS becomes neariy flat, and the collector cun-ent heavily 
depends on Vqe- In other words, it is hard for this bipolar 
transistor to perform normal ampRfication. This proves 
that the Ge content of 10% Is a practical limit for the 
bipolar transistor using the Sil.jtGex crystal layer. 

20 [0080] In contrast. In the bipolar transistor using the 
Si^.x.yGejjCy crystal layer, there Is a region where the 
collector current Ic becomes almost flat, and the collec- 
tor cun-ent does not depend on V^e so much. These 
results indicate that the bipolar transistor using the Si^. 

25 x yGOxCy crystal layer for the base layer can perfonn a 
stable bipolar operation even when the Ge content Is as 
high as 21.5% or 26.8% 

-Structure in tiie vicinity of the boundary Isetween the Si 
30 layer and the SlGeC Ic^r- 

[0081] The following is a description of the relation 
between the positions of the emitter layer 9 containing 
phosphonis, the intrinsic base layer 8a containing boron 

35 and the collector layer 3b containing phosphorus of the 
NPN-type heterojunction bipolar transistor and the posi- 
tions of the Si epitaxial layer 20, the SiGeC layer 4 and 
the Si layer 5, with reference to Figures 6 (a). 6(b) to 
Figures 9 (a), 9 (b). In these diagrams, the positions of 

40 the SI epitaxial layer 20. the SlGeC layer 4 and the SI 
layers are distinguished by the presence or absence of 
Ge and C, and the positions of the emttter layer 9, the 
Intrinsic base layer 8a and the coRector layer 3b ere dis- 
tinguished by the presence or absence of boron. Since 

45 the SI epitaxial Iayer20andthe Si layers do not contain 
Ge or C. the boundary between the SiGeC layer 4 
showing the Ge and C contents and the SI epitaxlal 
layer 20 and the Si layer 6 Is explicitly shown. The emit- 
ter layer 9 and the collector layer 3b contain no boron, 

so GO that the boundary t>etween these layers 9 and 3b 
and the Intrinsic base layer 6a showing the concentra- 
tion profile of boron Is demonstrated. Figures 6 (a), 7(a), 
8 (a) and 9 (a) do no show the concentration of phos- 
phorus introduced to the emttter layer 9 and the coltec- 

55 tor layer 3b. 

[0082] Figure 6(b). 7(b). 8(b) and 9(b) only show 
the shapes of the conduction band ends and the 
valence band ends extending throughout the en^tter 
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layer, the Intrinsic base leyer and the coilector layer. 
[0083] Rgufe 6 (a) Is a diagram showing the rela- 
tion between the positions of tt)e Si epitaxiai layer 20 
and the SI layer S of the heterojunctlon bipolar transistor 
In which boron for the base layer Sa Is doped In a wider 
range than the SIGeC layer 4 having a uniform compo- 
sition, that is, In the Si epitaxial layer 20 and the Si layer 
5 and the positions of the Intrinsic base layer 8a, the 
emitter layer 9 and the collector layer 3b. Figure 6 (b) is 
a diagram showing the energy band of the transistor 
having the inrtpurtty profile shown in Figure 6 (a). As 
shown ki Rgure 6 (b), when there are an emitter-base 
junction and a base-collector Junction outside the 
SiGeC layer 4, and the heterojunction interface between 
SI and SIGeC is fonmed abruptly like a stair, each Junc- 
tion has parasitic barriers as shown In Figure 6 (a), 
which inhibits the transit of the carriers and deteriorates 
the high frequency characteristic. Moreover, the voltage 
required to Inject the carrlera from the emitter is 
Increased, preventing the achievement of the lower-volt- 
age. This is because the silicon emitter layer and the sil- 
icon collector layer having a large band gap are p-type. 
Therefore, It Is not appropriate to fonm the Intrinsic base 
layer 8a as far as outside the SiGeC layer 4. 
[0084] Figure 7 (a) is a diagram showing the rela- 
tion between the positions of the SI epitaidal layer 20 
and the Si layer 5 of the heterojunction bipolar transistor 
in which boron for the base layer 8a is doped within the 
SiGeC layer having a uniform composition and the posi- 
tions of the Intrinsic base layer 8a, the emitter layer 9 
and the collector layer 3b. Rgure 7 (b) is a diagram 
showing the energy band of the transistor having the 
Impurity profile shown in Rgure 7 (a). In Rgure 7 (b), no 
parasitic banlers are formed on the heterojunction bar- 
rier shown In Figure 7 (a), but the depletion layer region 
of each Junction has notches, which also hinder the 
transit of the carriers (electrons In this case). The 
notches are not seen In the prior art SiGe-l-IBT because 
In the prior art Si/SIGe heterojunction, a band gap differ- 
ence appears as band oflisefs A Ev mainly In the 
valence bands, and the conduction bends have aknost 
no potential difference, whereas In the case of the 
Si/SiGeC heterojunction, the band offsets AEc also 
appear on the conduction bands. The band offsets on 
the conduction bands developed In the SVSIGeC heter- 
ojunction increase with Increasing 0 contenL Conse- 
quently, the flow of the carriers (electrons In this case) 
from the emitter layer 9 to the collector layer 3b via the 
Intrinsic base layer 8a Itself Is not hindered so much; 
however, the flow Is stowed down by the amount of 
accumulation off the caniers In the parasite notches. 
Thus, the structure shown In Figure 7 (a) Is preferable In 
that boron Is Introduced only In the SiGeC layer 4, but is 
not appropriate In that the SIGeC layer 4 has a uniform 
composition while the C content and the Ge content are 
kept constant 

[0085] Even If a p-type Impurity such as boron 
extends off the SiGeC layer 4, ft Is essential only that the 



p^ypa region be included in the SiGeC layer 4 as a 
result that the region to which the n-type impurity Is 
introduced is overiapped with the region to which the p- 
type Impurity Is introduced. 

5 [0066] Figure 8 (a) is a diagram showing the rela- 
tk>n between the positions of the Si epitaxial layer 20 
and the SI layers of the heterojunction bipolar transistor 
In whk:h boron for the base layer 8a is exclusively doped 
in the SiGeC layer 4 consisting of a center layer 4a hav- 

10 Ing a unifbrm composition and a top and bottom layers 
4b and 4c acting as end portions with a graded compo- 
sition, and the positions of the intrinste base layer 8a. 
ttie emitter layer 9 and the collector layer 3b. In the bot- 
tom layer 4b underiying the SiGeC layer 4. the Ge and 

15 C contents gradually decrease in ttie direction from ttie 
center layer 4a to tiie Si epitaxial layer 20. In the top 
layer 4c overiying the SiGeC layer 4. the Ge and the C 
contents gradually increase in the direction from the Si 
layer 5 to the center layer 4a. The Intrinsic base layer 8a 

20 acting as the regton wtth boron Is Included in the center 
layer 4a having a unifbrm composition where the Ge 
and C contents are kept constant 
[0087] It must be noted that the Ge content and the 
C content can change in stages instead of changing 

25 continuously. This holds true for each of the embodi- 
ments described below. 

[0088] Rgure 6 (b) is a diagram showing tiie energy 
band of the transistor having the innpurity profile shown 
in Figure 8 (a). As shown in Figure 8 (b), tiie heterojunc- 

30 tion barrier has no parasitic banlers or parasitte notches 
in this case. This diagram shows an energy band struc- 
ture where the gradual change In the Ge content and 
tiie C content makes the conduction band ends change 
smoothly wHhout devetoping an expikHt potential differ- 

35 ence. This structure results finom the gradual change In 
the C content which may cause the band offsets at the 
conduction band ends In the bottom layer 4b and the top 
layer 4c. As a result ti« flow of carriera (electrons In 
tills case) from tiie emitter to tiie collector via the intrin- 

40 sic base Is neither hindered nor stowed down. By mak- 
ing the intrinsic base layer 8a be Included In the center 
layer 4a of tiie SIGeC I^er4. and further making the Ge 
erd C contents In tiie bottom layer 4b adjacent to the Si 
epitaxial layer 20 of tiie SiGeC layer 4 be gradually 

45 decreased In the direction from the center layer 4a to 
tiie SI epKaxial layer 20, It becomes possble to effec- 
tively prevent the occurrence of parasttlc beuriera or 
notches In tiie portion extending from the SiGeC layer 4 
to tiie SI epitaxial layer 20 in tiie conduction bands of tiie 

so heterojunction bipolar transistor. Similariy, by making 
tiie kitrinsk: base layer 8a be Included kt tiie center layer 
4a of tiie SiGeC layer 4, and further making the Ge and 
C contents in tiie top layer 4c a<jQacent to tiie SI layer 5 
of the SiGeC layer 4 be gradually increased in the dlrec- 

55 tion from tiie Si layer 6 to tiie center layer 4a, k becomes 
possble to effectively prevent tiie occurrence of para- 
stttc banters or notohes In the portion extending frtMn 
tiie SiGeC layer 4 to ttie SI layer 6 In tfie conduction 
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bands of the heterojunction bipolar transistor. 
[0089] Even If the Intrinsic base layer 8a acting as 
the region with boron extends between both end por- 
tions 4b, 4c of the SIGeC layer 4, no pareksMc banters 
are developed and the oocurrence of notches can be 
prevented unless the Intrinsic base layer 8a extends off 
the S'tGeC layer 4. 

[0090] In the bottom layer 4b and top layer 4c of the 
SIGeC layer 4, the Ge content and the C content can 
Increase with Sonne curves, Instead of Increasing line- 
arly as shown In Figure 8 (a). Especially when the Intrin- 
sic base layer 8a Is Included In the center layer 4a of the 
SIGeC layer 4, the Ge content and the C content In the 
end regions 4b, 4c of the SiGeC layer 4 may change 
while shaping some stair-like portions. 
[0091] Rgure 9 (a) is a diagram showing the rela- 
tion between the positions of the SI single crystalline 
layer 20 and the Si layer 5 of the heterojunction bipolar 
transistor In which boron for the base layer Is exclusively 
doped in the SIGeG layer 4 consisting of a center layer 
4a having a uniform composition and a bottom layer 4b 
and a top layer 4c having a graded composition (C only) 
and the positions of the Intrinsic base layer 8a, the emit- 
ter layer 9 and the collector layer 3b. In ttie bottom layer 
4b. the Ge content Is constant and the C content gradu- 
ally decreases In the direction from the Si epitaxial layer 
20 to the center layer 4a. In the top layer 4c, the Ge con- 
tent is constant and the C content gradually increases in 
the direction from the Si layer 5 to the center layer 4a. 
The Intrinsic base layer 8a acting as the region with 
boron is Included In the center layer 4a having a unHbrm 
composition where the Ge content and the C content 
are constant 

[0092] Rgure 9 (b) Is a diagram showing the energy 
band of the trartsistor having the impuffty profile shown 
In Rgure 9 (b). As shown In Rguie 9 (b). the heterojunc- 
tion banter has no parasttic barrters or parasite notches 
In this case. This diagram shows an enetigy band stnic- 
ture where the gradual change In the 0 content makes 
the conductten band ends change smoothly without 
devetoping an expfidt pofeenttel difference. This results 
from the gradual change in the G content, whk:h may 
cause the band offsets at the conductten band ends In 
the t>ottom layer 4b and the top layer 4c. As a result, the 
flow of caniers from the emitter to the collector via the 
Intrlnsk: base is neither hindered nor slowed down. By 
making the intrinsic base layer 8a be included in the 
center layer 4a of the SIGeC layer 4, and further making 
the C content In the bottom layer 4b aoQacent to the SI 
epKaidal layer 20 of the SIGeC layer 4 be gradually 
decreased in the directten from the center layer 4« to 
the SI epitaxial layer 20, while keeping the Ge content 
constant. It becomes possbte to effectively prevent the 
occunrence of parasHk; barrters or notches In the portten 
extending from the SIGeC layer 4 to the Si epitaxial 
isyer 20 In the conduction bands of the heterojunction 
b^lar transistor. SImlarty, by ntaklng the Intrinste base 
leyerSa be kickjded In the center layer 4a of the SiGeC 



layer 4, and further nwklng the C content In the top layer 
4c adjacent to the SI layer 5 of the SIGeC layer 4 be 
gradually Increased In the direction from the Si layers to 
the center layer 4a while keeping the Ge content con- 
5 stent. It becorrtes possibte to effectively prevent the 
occunrence of parasitk; banters or notches In the portion 
extending from the SIGeC teyer 4 to the SI layer 5 In the 
conduction bands of the heterojunction bipolar transis- 
tor. 

10 [0093] Even if ttie Intrinsk: base layer 8a acting as 
ttie region with boron exteods between the bottom and 
top layers 4b. 4c of tfie SIGeC layer 4, no parasitk: bar- 
riers are developed and ttie occurrence of notches can 
be prevented unless the intrinsic base layer 8a extends 

IS off ttie SIGeC layer 4. 

[0094] Thus, by composing a graded connposition 
where the C content and ttie Ge content gradually 
change on the heterojunction interface between the 
SIGeC layer 4 and either ttie Si layers or the Si epitaxial 

20 layer 20. It becomes possX}te to achieve a practteal het- 
etejunction bipolar transistor which excels In high fre- 
quency characteristic and Is operable at a low voltage, 
without hindering the transit of the caniers (electrons) or 
causing an increase In operation voltage. 

25 [0095] In the bottom layer 4b and top layer 4c of the 
SiGeC layer 4, ttie C content can increase with some 
curves, kistead of increasing linearty. Especially when 
ttie Intrinsk: base layer 8a is included in ttie center layer 
4a of ttie SiGeC layer 4, the C content in the bottom and 

30 top layers 4b. 4c of the SiGeC layer 4 may change white 
shaping some stair-fike portions. 
[0096] In the present embodiment, ttie intrinsk: 
base layer 8a is composed of SiGeC 
(Sio.sTgGeoao^xei) having a Ge content of 30%, a C 

35 content of 2. 1 % and a SI content of the remaining per- 
centage. When ttie SIGeC layer having this oompositten 
is epltaxiaily grown on the SI layer, the SiGeC layer 
undergoes a compressive sttaln of about 1.0%. TTie 
reason for choosing the oompositten witti a compressive 

40 strain Is that ttie system with the compressive strain, 
wtiteh is tew In both Ge content and C content, can 
obtain tfia same degree of band gap as the band gap of 
ttie tetttee-matched SiGeC layer having a high Ge con- 
tent or a high C content To be more spedftc, the 

^ (Sio.6reGea3o^x»i)*ayw <he present embodiment 
which has undergone a compresshffi strain has a band 
gap of 0.95 eV. in order to achieve the same nanow 
band gap by ttie iatttee-matched system, the Ge content 
and the C content must be 42% and 5.1%. respectively. 

so Thus, it te necessary to Increase both the Ge content 
and ttie C content, which might cause the crystalline to 
be deteriorated wtth increasing 0 content The above- 
mentioned notches are also ffloely to occur with Increas- 
kig C content 

65 [0097] Rgure 10, which Is a simplified state dia- 
gram of Rgure 1, shows ttie region whldi has under- 
gone a compressive strain of 1.0% or tess. The dot- 
hfltohed regfon Ra shown in Rgure 10 te a region where 
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the lattice ctrain undergoee a compressive stialn of 
1 .0% or less, without Including the lattice match require- 
ments. As descrt>ed above, In order to provide the 
Intrinsic base layer with a band gap nanow enough to 
obtain effects whHe suppressing an increase In C con- 
tent. It is preferable to make the base layer of a SiGeC 
layer having the composition shown in the dot-hatched 
region Ra shown In Figure 10. 
[0098] As described hereinbefore, in the hetero* 
Junction bipolar transistor having the SiGeC layer 4 epi- 
taxialty grown on the Si epitaxial layer 20, providing the 
intrinsic base layer 6a Included in the SiGeC layer 4, 
and making the SiGeC layer 4 from SiGeC having a unl- 
fomi compositton where Ge and C are contained under 
the conditions that the latttee strain Is 1 .0% or less and 
the band gap is narrow makes the transistor operative at 
a \cw voltage and a high speed. Since such a Si/SiGeC 
system heterojunction bipolar transistor can be easily 
fabricated using a popular silicon process. It Is easily 
Integrated on a sfficon substrate. 
[0099] Although the collector layer 3b and the emit- 
ter layer 9 are made from crystal exclusively composed 
of Si, the present Invention is not limited to this embodi- 
ment. For example, the Si epitaxial layer 20 and the Si 
layer 5 can contain Ge or C to have the same effects as 
the present embodiment as long as the lattk^e strain of 
the SlGeC layer 4 is 1.0% or less. 

(EMBODIMENT 2) 

[0100] The SiGeC-HBT of the second embodiment 
where the intrinsic base layer 8 is composed of SiGeC 
having a graded compositk)n will be described. 
[0101] Figures 11 (a) to 11 (c) show the energy 
band structure of the prior art SIGe-HBT where the 
base layer has a graded oomposttton, the energy band 
structure of the SiGeC-HBT of the present embodiment 
where the base layer has a graded compositton and a 
diagram showing Ge content, C content end boron oon- 
centradon of the SIGeC-HBT of the prssent embodi- 
ment respectively. 

[0102] In the prior art SlGe heterojunction bipolar 
transistor shown in Figure 11 (a), for example, the end 
portion of the base layer that is In contact with the emit- 
ter layer has a minimum Ge content (for example. 0%). 
and the end portion of the base layer that Is in contact 
with the collector layer has a maximum Ge content (for 
example 10%). As a result of this structure, the band 
gap In the portion of the SlGe base layer that Is In con- 
tact with the emitter layer can have a maximum value 
01, and the band gap In the portion of the SlGe base 
layer that Is In contact with the coltector layer can have 
a minimum value C2. In the base layer made from SlGe 
having such a graded composition, the gradient at the 
conduction band ends causes an electric fieM whk:h 
acoelerBtes carriers towards the collector layer. Such a 
drift transit Is higher In speed than the dWuslon of the 
carrlerB. which makes k possible to further Improve the 



operatkMi speed of the heteroiunctk>n bipolar transistDr. 
However. In this SIGe-HBT, the average latttee strain Is 

limited to 0.5%, so that the Ge content in the portk>n of 
the base layer that is In contact with the collector layer 

5 cannot be larger than about 20%. Therefore, It has been 
hard to make the minimum value C2 of the band gap 
0.97 eV or less. As a result, the degree of the gradient 
of the conduction band ends in the base layer cannot be 
larger than (1 .12-0.97) (eV)A = 0.15 eVA (t is the thfck- 

10 ness of the base layer). 

[0103] On the other hand, as shown in Figures 11 
(b) and 11 (c), the center layer 4a of the SIGeC layer 4 
containing the Intrinsk; base layer 8a of the present 
embodiment has a Ge and C contents of 0% (exdu- 

15 sively made from St) in the portion that is in contact with 
the Si layer 5 (emitter layer), and has a Ge content of 
40% and a C content of 1.0% In the portton that Is In 
contact with the Si epitaxial layer 20 (collector layer). In 
the SiGeC layer 4, the Ge and C contents largely 

20 Increase linearly In the direction from the SI layer 5 to 
the Si epitaxial layer 20. However, the ratk) between the 
Ge content and the C content in the SiGeC layer 4 is 
fixed at 40:1 . In the bottom layer 4b of the SiGeC layer 
4, the Ge and C contents gradually decrease In the 

2S direction from the center layer 4a to the SI epitaxial layer 
20. In the present embodiment, the portion of the SiGeC 
layer 4 that is in contact with the Si layer 5 is composed 
of Si only, the center layer 4a and the top layer 4c are 
integrated with each other with the common composi- 

X tton. 

[0104] In this case, the SiGeC layer having a Ge 
content of 40% and a C content of 1 .0% has a band gap 
of 0.83 eV. Consequently, It becomes possible to make 
the gradient of the conductk>n band ends 

55 (1 .12-0.83) (evyu 0^ eV (290 meV)A (t Is the thk:k- 
ness of the base layer). The gradient of the conduction 
band ends In the SiGeC layer 4 can be further increased 
by changing the Ge content and the C content There- 
fore, in the Intrinsfo base layer of the present Invention 

40 coniposed of the S)GeClay«r, the gradient of the band 
gap can be further Increased within a range In which the 
average lattice strain (1.0%)(maximum lattk» stredn: 
2.0%) causes no dislocatfons. 
[01 05] According to the heterojunctfon bipolar tran- 

45 slstor of the present embodiment, the adlustment of the 
Ge content and the C content allows the band gap at the 
portfon of the Intrlnsfo base layer 8a that Is In contact 
with the collector layer to be extremely narrow white 
suppressing the lattbe strain In the intrinsk; base layer 

so 8a. This achieves a HBT having a large degree of gradi- 
ent to decrease the band gap In the direction from the 
emitter sMe to ttie coflector side, and having a high 
function of accelerating caniers using an electric ftekJ. 
[01 06] By fomning tiie SiGeC layer 4 with a gnaded 

Bs composltfon structure where the Ge and C contents 
Increase linearly In the d&ection from ttie Si layer 6 
(emitter side) to the SI epitaxial layer 20 (coOeetDr tkto). 
It becomes possMe to realize a HBT having a high tunc- 
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tion o( aocelerating a graded electric field to llneaily 
decrease the band gap from the emitter side to the col- 
lector side. To t>e more spedfic. the lattice strain in the 
portion of the SIGeC layer 4 that Is in contact vtdth the Si 
leyer 6 becomes 1^, which Is larger than the value 
1.0% that can prevent the occun'ence of the above- 
mentioned dislocations. However, when the SIGeC 
layer 4 has a graded composition structure, the average 
lattice strain throughout the SiGeC layer 4 becomes an 
Important value. In the present embodiment, the SiGeC 
layer 4 has an average lattice strain of 0.6%. Since this 
value Is less 1.0%, no dislocations are caused in the 
intrinsic base layer 8a, and there is no problem. In the 
SiGeC layer 4 containing the intrinsic base layer 8a with 
such a graded composition stmcture, there is a change 
In band gap of 290 meV from the emitter side end to the 
collector side end In the SIGeC layer 4, which delivers a 
higher function of accelerating the electric field for earn- 
ers (electrons In this case), thereby achieving a SiGeC- 
HBT capable of operating at an ultra Mgh speed. 
[01071 it is not necessary that the energy gap In the 
SIGeC layer 4 Increases linearty in the direction from 
the Si la^r S to the SI epitaxial layer 20; however, the 
linear Increase has a parlicularty effective function to 
accelerate carriers, making It possible to provide the 
caniers with a fixed acceleration speed in the SiGeC 
layer 4. 

[0108] The state where the average lattice strain 
throughout the SiGeC layer 4 is 1 .0% or less refers to 
the following case. For example, when the portion of the 
SIGeC leyer 4 composing the intrinsic base layer 8a that 
Is In contact with the Si layer 5 (emitter side end) is com- 
posed of Si only, and there is a triangle profile where the 
Ge and C contents Increase lineariy In the direction 
from the portion In contact with the SI layers to the por- 
tion In contact with the Si eplta)dal layer 20 (collector 
side end), the amount of the lattice strain of the compo- 
sition In the collector side end In the center layer 4a 
wttich makes the Ge and C contents at their peaks Is 
2%orle88. 

[0109] The present embodiment has so far 
described the case where the SIGeC layer 4 whk^h has 
the composition of the regton Ra (Refer to Rgure 10) 
undergoing a compressive strain has a graded compo- 
alUon. In that case, the folkiwing points should be paid 
attention. 

[0110] Figure 12 Is a diagram showing the relatton 
between the Ge and C contents, band gap and lattice 
strain In the sanne SIGeC tomary mixed crystal semi- 
conductor OS the conductor shown In Figure 1. In the 
diagram, the airaws show the direction of changes in 
compositkm when the Ge and C contents are changed 
linearly white the ratio between them Is kept constant 
As known from Figure 12, when the band gap is gra- 
dated white the SIGeC layer 4 is lattk:e-matched (the 
portion on the straight line Indteating a latttoe strain of 
0% In Figure 12). If the composKkm of the SIGeC layer 
4 Is sDghtly out of the apecMcatlon due to oomposttton 



control failure, the composition would change ki the 
direction nearly perpendk^ular to the Isobartc line of the 
band gap. This makes the band gap fluctuate too large 
to keep reproductivity. For this reason. It is preferable to 

5 provkle a graded composition to either the region whfeh 
has undergone the compressive strain or the regton 
which has undergone the tensile strain in the SiGeC 
layer 4, and not to use the structure to gradate the band 
gap under the state of lattice match. l=rom the viewpoint 

10 of crystal growth, it is preferable to have a graded com- 
positton In the region which has undergone a compres- 
sive strain in that a nanower band gap can be realized 
while making the Ge and C contents as small as possi- 
ble. 

IS [0111] From the reasons menttoned hereinbefore, 
in the SIGeC layer 4 of the present embodiment whteh 
contains the Intrinste base layer 8a, it Is preferable to 
change the Ge and C contents within the region whteh 
undergoes a compressive strain less than the average 

20 oompressh« strain of 1 .0% throughout the SIGeC layer 
4, not including the portion meeting the lattice matoh 
requirements (the portion on the straight line indicating 
a lattk>e strain of 0% In Figure 12). 
[01 12] Furthemiore, in the present embodiment, as 

25 shown In Figure 11 (c), the Ge and C contents In the 
bottom layer 4b of the SIGeC layer 4 are gradually 
decreased In the direction from the center layer 4a to 
the SI epitaxial layer 20. Consequently, in the same 
manner as in Embodiment 1. it becomes possible to 

30 prevent the occurrence of parasltte banlers (Refer to 
Rgure 6 (a)) or notohes (Refer to Rgure 7 (a)) In the 
base-collector junctton interface (the heterojunction bar- 
rier between the SiGeC layer 4 and the Si epitaxial layer 
20) to suppress the devetopment of an explicit potential 

55 difference In the oonductton bands, thereby to obtain a 
smooth band structure. 

[0113] It must be noted that only the C content In 
the bottom layer 4b can be decreased gradually In the 
direction from the center layer 4ato the Si epitfibdal layer 

40 20. and that It Is not always necesaary to make the bot- 
tom layer 4b have a graded composition In sonoe types 
of bipolar transistors where band offsets Ike notehes 
cause no serious inconvenience. 
[01 14] In a SiGeC-HBT of the present embodiment 

45 provkted with the Intrinsk: base layer Sa made of the 
SIGeC Iayer4 having the graded composltton. the provi- 
sion of a graded composttkMi where the C content and 
the Ge content change at the Sl/SiGeC heterojunction 
interface achieves a practk»i heterojunctton bipolar 

so transistor whteh excels hi a high frequency characterts- 
tte, end not hinders the transit of the caniers. 

(EMBODIMEm-S) 

55 [0115] The fbltewlng Is a description of the SlGeC- 
HBT of a third embodiment whteh Includes the Intrinste 
base layer 8a made firom SIGeC hawing a graded conv 
position and has a reduced bullt-ln potential between 
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the emitter and the base. 

[0116] Rgures 13 (a) and 13 (b) are a diagram 
showing the energy band structure of the SIGeOHBTof 
the third embodiment having a gmded conposWon, and 
a diagram showing the Ge content eContent and boron s 
concentration of this SIGeC-HBT, respectlvety. In the 
present embodiment, of the center layer 4a of the 
SIGeC layer 4 composing the Intrinsic base layer 8a, the 
portion In contact with the SI layer 5 acting as the emit- 
ter Is not composed of SI only but of either SIGe or io 
SiGeC having a narrower band gap than Si. Similarly, of 
the center layer 4a of the SiGeC layer 4, the portion In 
contact with the Si epitaxial layer 20 acting as the collec- 
tor Is composed of SiGeC having a narrower band gap 
than Si. In the bottom layer 4b of the SIGeC layer 4, the is 
Ge content and the C content gradually decrease in the 
direction from the center layer 4a to the SI epitaxial l^yer 
20. In the top layer 4c of the SiGeC layer 4. the Ge and 
C contents gradually Increase in the direction from the 
Si layer 5 to the center layer 4a. a? 
[0117] The potential difference A1 In conduction 
band between the SiGeC layer 4 and the Si layer 9 is 
made smaller than the potential difference B1 In valence 
band between the SiGeC layer 4 and the Si layer 9. In 
other words, the built-in potential of the PN junction ss 
between the emitter and the base Is reduced to realize 
operation at a low voltage. Similar to the second embod- 
iment the potential difference A2 in conduction band 
between the SiGeC layer 4 and the Si epitaxial layer 20 
is smaller than the potential difference B2 in valence ao 
band between the SiGeC layer 4 and the SI epitaxial 
layer 20. 

[0118] In the SiGeC layer 4, the band gap CI of the 
portion In contact with the SI layer 5 Is larger than the 
band gap 02 of the portion In contact with the St epttex- as 
tal te^r 20. In other words, the band gap of the SfGeC 
layer 4 composing the Intrinsic base l^r 8a flnearfy 
decreases In the direction from the SI layer 6 (enrUtter 
side) to the Si epitaxial layer 20 (collector side). Thus, 
The SIGeC layer 4 has a graded composition, which 
causes a graded electric field in the intrinsic base layer 
8a so as to aocelerata the transit of the caniers In the 
Intrinsic base layer 8a, thereby achieving high speed 
operation. The composition determined makes the 
anrK>unt of the average strain throughout the SIGeC 45 
layer 1.0% or less. TTie structure thus described 
achieves a heterojunction bipolar transistor which Is 
operathw at a low voltage and excels In high frequency 
characteristic 

[0119] The following Is a description of the specific so 
composition of the SiGeC layer 4 adopted In the present 
embodiment Of the SIGeC tayer 4. the portion In con- 
tact with the SI layers (enrtftterside) has a Ge content of 
30% and a C content of 3.3%. whereas the portion In 
contact with the SI epitaxial layer 20 (collector side) has ss 
a Ge content of 40% and a C content of 3^ Thus, 
both end portions of the SIGeC layer 4 have the same C 
content In the SIGeC layer 4, the Ge content flnearly 



Increases in the difection from the SI layer 5 (emitter 
side) to the SI epitaxial layer 20 (collector side). 
[0120] it Is not necessary that the energy gap in the 
SIGeC layer 4 fncreases llnearty In the direction from 
the SI layer 5 to the SI epitaxial layer 20; however, the 
Inear Increase has a particularly effective function of 
accelerating earners, making It possible to provide the 
carriers with a fixed acceleratton speed In the SIGeC 
layer 4. 

[01 21 ] In this case, of the SIGeC layer 4, the portion 
in contact with the Si layer S (a Ge content of 30% and 
a C content of 3.3%) has a band gap of 0.99 eV and a 
lattice strain of 0.1%, whereas the portion in contact 
with the Si epitaxial layer 20 (a Ge content of 40% and 
a C content of 3,3%) has a band gap of 0.91 eV and a 
lattice strain of 0.5%. As a result, the average lattk» 
strain throughout the SIGeC layer 4 becomes about 
0.3%, causing no practical problem. Making the Intilnsk: 
base layer Sa of the SIGeC layer 4 having such a com- 
posftton achieves a SlGeC-HBT having an emItter-sWe 
band gap nanwver than In the prior art SlQe-HBT and 
being operative at a low voltage and a high speed. 
[0122] From the viewpoint of crystal growth, it is 
better to fomn the graded compos'ition in the region 
whk:h has undergone a compressh« strain than to form 
it in the region with no strain to obtain a naaower band 
gap with a smaller C content Therefore, the Intrinsic 
base layer 8a of the present embodiment Is also made 
from SiGeC which has undergone a compressive strain. 
Although It Is already explained, when the band gap Is 
gradated under the state of lattice match In the SiGeC 
layer 4 as known from Rgure 12, If the composition Is 
slightly out of the specTicatjon due to composition con- 
trol failure, the band gap fluctuates too large to keep 
reproductlvtty. For this reason, tt is preferable that In 
either region which has undergone a compressive 
strain or region Rb whk:h has undergone a tensile 
strain, the graded composition of the SIGeC layer 4 
changes In the diiectkm from the SI layer 5 (emitter 
8lde)totheSi epHaxlal layer 20 (collector side), and not 
Io use the ttrudure to gradate the band gap under the 
state of the lattk» match. It must be noted that the direc- 
tfon of gradating the Ge and C contents Is different in the 
case where the band gap Is gradated in the region Ra 
which has undergone a compressive strain from the 
case where the band gap Is gradated In the region Rb 
whk^h has undergone a tensile strain. The foflowing Is a 
descriptton of composition gradatton methods for gra- 
dating the band gaplorthe region Ra whfch has under- 
gone a compressive strain, and composltton gradatton 
methods for gradating the band gap for the regton Rb 
whkh has undergone a tensile strain. 

-Composltton gradatk>n methods for the region which 
has undergone a compressive streln- 

IP123] ngura 14 Is a dtagnem lor explaining prafer- 
able composMon gradating methods for gredating the 
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band gap In the region Ra Which has undergone a com- 
pressh/e strain shown In the state diagram d the SIGeC 
layer 4. In order to reduce the band gap, approcches 
shown In straight Unas Col to Co4 are evatlable. 
[0124] Rgures 15 (a) to 15 (cQ are diagrams show- 
ing composition gradating methods conespondlng to 
straight lines Col to Co4, respectively shown In Rgure 
14. 

[0125] Rgure 15 (a) Is a diagram showing the case 
where In the SIGeC layer 4, the Ge content Is linearly 
Increased In the direction from the SI layer 5 (emitter 
side) to the Si epitaxial layer 20 (collector side) while the 
C content constant Is kept constant along the straight 
line Col shown In Rgure 14. 
[0126] Rgure 1 5 (b) is a diagram showing the case 
where In the SIGeC layer 4, the C content is linearly 
decreased in the direction from the Si layer 5 (emitter 
side) to the Si epitaxial layer 20 (collector side) while the 
Ge content Is kept constant along the straight line Co2 
shown in Rgure 14. 

[0127] Rgure 1 5 (c) is a diagram showing the case 
where in the SIGeC layer A, the Ge content is linearly 
Increased and the C content is lineady decreased in the 
direction from the Si layer 5 (emitter side) to the SI epi- 
taxial layer 20 (collector side) along the straight line Co3 
shown In Rgure 14. 

[0128] Rgure 1 5 (d) is a diagram showing the case 
where in the SIGeC layer 4, both the Ge content and the 
C content are linearly increased in the direction from the 
Si layer 5 (emitter side) to the SI epitaxial layer 20 (col- 
lector side) along the straight line Co4 shown in Rgure 
14, 

-Composition gradating methods for the region which 
has undergone a tensile strain- 

[0129] Rgure 16 is a diagram for explaining prefer- 
able composition gradating methods for gradating the 
tMnd gap in the region which has undeigone a tensile 
strain shown in the state diagram of the SIGeC layer 4. 
In order to reduce the band gap^ approctches shown In 
straight lines Tel to Te4 are available. 
[0130] Rgures 17 (a) to 17 (d) are diagrams show- 
ing composition gradating methods conesponding to 
straight Ines Te1 to Te4. respectively shown in Rgure 
16. 

[01 31 ] Rgure 1 7 (a) Is a diagram showing the case 
where In the SiGeC layer 4, the Ge content Is linearly 
decreased in the direction from the SI layer 6 (emitter 
side) to the Si epitaxial layer 20 (collector side) whHe the 
0 content Is loept constant along the straight line Tel 
shown in Rgure 16. 

[0132] Rgure 1 7 (b) Is a diagram showing the case 
where in the SIGeC layer 4, the C content is linearly 
Increased In the direction from the SI layer 6 (emitter 
side) to the Si epitaxial layer 20 (collector side) while the 
Ge content Is kept constant afong the straight Ine Te2 
shown hi Rgure 16. 



[0133] Rgure 17(c) Is a diagram showing the case 
where In the SIGeC layer 4, the Ge content Is Hnearly 

decreased and the C content is linearly Increased in the 
direction from the Si layer 5 (entltter skie) to the Si epi- 
5 taxial layer 20 (collector side) along the straight line TeS 
shown In Rgure 16. 

[01 34] Rgure 1 7 (d) is a diagram showing the case 
where In the SIGeC layer 4, both the Ge content and the 
C content are linearly increased In the direction from the 
10 SI layer 5 (emitter skfe) to the SI epitaxial layer 20 (col- 
lector side) along the straight Gne Te4 shown In Rgure 
16. 

[0135] As described above, when the conposltion 
of the portion in contact with the Si layer 5 (emitter side) 

IS of the SIGeC layer Is made to agree with the lattk^ 
match requirements (on the straight ine Indfoating a 
strain of 0%). Inaccurate control of the SIGeC composi- 
tion might cause a reverse band gap gradient (which 
makes the band gap decrease from the collector side to 

20 the emitter side), depending on the gradient direction of 
the SIGeC composition. For this reason, It Is preferable 
that the composltfon of the SIGeC layer 4 Is gradated In 
either one of the region Ra which undergoes a com- 
pressive strain or the region Rb which undergoes a ten- 

25 sile strain by bringing the composition of the portion of 
the SIGeC layer 4 which is hi contact with the Si layer 5 
out of the lattfoe matoh requirements. 
[0136] In the present embodiment of the SiGeC 
layer 4 composing the intrinsk: base layer 8a in the 

30 SlGeC-HBT, the portfon In contact with the SI layer 5 
acting as the emitter layer 9 Is not exdushrely composed 
of Si, but further Includes at least one of Ge and C so as 
to make the band gap of the portion of the SIGeC layer 
4 that is In contact with the Si layer 5 smaller than the Si 

as layers. As a result. In additfon to the same effects as in 
the second embodiment, the built-in potential of the PN 
function between the emitter and the base can be 
reduced. whk:h leads to achievement of the SIGeC-HBT 
operath/e at a tower voltage. 

40 [0137] The present embodiment also adopts a com- 
positton of SIGeC whteh makes the average amount of 
strain throughout the SIGeC layer 41.0%, so as to real- 
ize e heterojunction bipolar transistor whk:h Is operative 
at a tow voltage and excels in high frequency character- 

45 Istto. 

[0138] In the present embodiment, of the SIGeC 
layer 4, the composltton of the portton In contact With the 
Si layer 5 includes SI. Ge and C. However, as known 
from Rgures 14 and 16, when the graded composition 

so control Is perfbmned In the regton Ra whfeh has under- 
gone a compressive strain, the portton may be com- 
posed of Si and Ge, without C, whereas when the 
graded composWon control Is perfonned In the regton 
Rb whtoh has undergone a tensile strain, the portion 

a may be composed of SI and C, without Ge. 

[0139] In the present embodiment, as shown in Rg- 
ure 13 (b). the Ge content and the Ccontent In the bot- 
tom layer 4b of the SIGeC layer 4 are gmdualty 
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decraased in the direction from the center layer 4a to 
the Si epltaxiai layer 20. and the Ge content and the C 
content In the top layer 4c of the SiGeC layer 4 are grad- 
ually Increased In the direction f rcxn the SI layer 5 to the 
center layer 4a. Similar to the first emt>odiment. the 5 
occurrence of parasitic tmrriers (Refer to Figure 6 (a)) or 
notches (Refer to Figure 7 (a)) In the base-collector 
Junction interface (the hetero]unction t>arrier between 
the SlGeC layer 4 and the Si epitaxial layer 20) is pre- 
vented to suppress development of an explicit potential 10 
difference In the conduction bands, thereby obtaining a 
smooth band structure. 

[0140] It must be noted that only the C content In 2. 
the l30ttom layer 4b and the top layer 4c may be 
decreased gradually In the direction from the center is 
layer 4a to either the Si epitaxial layer 20 or the Si layer 
5, and that It is not always necessary to make the bot- 3. 
torn layer 4b and the top layer 4c have a graded compo- 
sition in some types of bipolar transistors where band 
offsets like notches cause no serious inconvenience. 20 
[0141] In the SiGeC-HBT of the present embodi- 4. 
ment including the intrinsk; base layer 8a made of the 
SIGeC layer 4 wrth a graded composition, the provision 
of a graded composition where the C content and the 
Ge content gradually change at the SI/SiGeC hetero- ss 
junction interface achieves a practical heterojunctk>n 
bipolar transistor whk;h excels in a high frequency char- 
actenst'c, and not hinder the transit of the earners. 
[0142] Each of the aforementioned embodiments 
deals with improvement of the characteristfcs of the het- 30 
erojunctton bipolar transistor shown in Figure 2 as a sin- 
gle structure; however, it goes without saying that a 
bipolar transistor of a BiCMOS device, whfch is an inte- 
gratk>n of a bipolar transistor and a CMOS, can be com- 
posed of the SiGeC-HBT of the present inventk>n. 3S 
[0143] The present invention Is described by laldng 
a NPN-type SiGeC+IBT as an example in the embodi- 
ments; however. It goes without saying that the present 
Inventton is appficable to a PNP-type SIGeC-HBT. 

40 

Claims 

6. 

1. A heterojunctton bipolar transistor comprising a first 
semteonductor layer n\ade from semkionductor 
material containing SI as a component; a second 45 
semfeonductor k^r made from semkxMiductor 
material containing SI, Ge and C as components, 6. 
having a bend gap narrower than the first 6emkx)n- 
ductor layer and consisting of a top layer, a center 
layer and a bottom layer; a third semkx>r>ductor so 
layer made from SI as a component, and having a 
band gap wMer than the second semiconductor 7. 
layer stacked In this order onto a sut)strate; and a 
heterpjunctk)n barrier pnovMed t)etween the first 
cemk:onductor layer and the second semiconductor es 
layer, 

sakl hetenjunctton bipolar transistor further conv 
prising: 8. 



a collector layer formed in the first semiconduc- 
tor layer and containing a first conductive knpu- 

rity; 

a base layer formed In the second 6emk»nduc- 
tor layer and containing a second conductive 
Impurity; and 

an emitter layer fonned in the third semtoon- 
ductor layer and containing a first conductive 
impurity. 

the second semteonductor layer having an 
average lattice strain of 1.0% or less. 

The heteroju notion bipolar transistor of claim 1, 
wherein the second semconductor layer has 
undergone a compressive strain. 

The heterojunction bipolar transistor of claim 1, 
wherein the band gap of the second semkx>nductor 
layer Is 1 .04 eV or less. 

The heterojunction bipolar transistor of dalm 1, 
wherein the first semkx>nductor layer is made of Si 
single crystal; and 

when the second semiconductor layer has a 
composition represented by Si^.x^yGeyCy 
where x Is a Ge content and y is a C content, 

the composition is in a region surrounded by 
following four straight lines: 

straight line Q): y 0.122x - 0.032 
straight line ®: y - 0.124SX -1- 0.028 
straight line ®: y = 0.2332X - 0.0233 (C 
content Is 22% or less) 
straight fine 0: y = 0.0622x + 0.0127 (Ge 
content is 22% or less) 

on two^menstonal rectangular coordinates 
whose horizontal axis and vertk»l axis b)dk:ate 
the Ge content and the C content, respectlvBly 

The heterojunctkm bipolar transistor of dalm 4, 
wherein the center layer of the second semteonduc- 
tor layer has the Ge content and the C content uni- 
formly. 

The heteroJunctk>n bipolar transistor of dalm 5. 
wherein in the top layer of the second 6emkx)nduc- 
tor layer, the C content Increases in a directton from 
the third sernksondudor layer to the center layer. 

The heterojunction bipolar transistor of dalm 6, 
wherein In the top layer of the second semiconduc- 
tor layer, the C content and the Ge content Increase 
In a dlrectton from the third semiconductor layer to 
the center layer. 

The heterojundton bipolar transistor of dalm 6. 
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wherein In the bottom layer g4 the second senitoon- 
ductor layer, the C content decreases In a direction 
from the center layer to the first semiconductor 
layer. 

9. The heterolunctlon bipolar transistor of dalm 5, 
wherein In the bottom layer of the second semicon- 
ductor layer, the C content and the Ge content 
decrease In a direction from the center layer to the 
first semiconductor layer. 

10, The heterolunctlon bipolar transistor of claim 1, 
virtierein In the center layer of the second semicon- 
ductor layer, the band gap decreases in a direction 
from the third semiconductor layer to the first semi- 
conductor layer. 



the second semloonductor layer has a graded 
composition where either the Ge content or the 
C content changes In a cfirectlon from the third 
semloonductor layer to the first semiconductor 
5 layer. 

16. The heterojunctlon bipolar transistor of dalm 15, 
wherein 

10 the center layer of the second semiconductor 

layer has a composition which undergoes a 
compressive strain, and also has a graded 
composition where the Ge content increases In 
a direction from the third semiconductor layer 

IS to the first semiconductor layer, white the C 

content is kept constant 



11. The heterojunction bipolar transistor of daim 10, 
wherein 



20 



the third semiconductor layer Is exduslvely 
made from Si; 

the top layer of the second semiconductor layer 
has a composition which changes contiguously 
to the center layer, and a portion of the top layer 25 
that is in contact with the third semiconductor 
layer Is exdusively made from Si; and 
the center layer and top layer of the second 
semiconductor layer have a composition where 
at least one of the Ge content and the C con- so 
tent increases in a direction from the third sem- 
iconductor layer to the first semiconductor 
layer. 

12. Ihe heterojunction bipolar transistor of dalm 11, ss 
wherein In the center layer and top layer of the sec- 
ond semiconductor layer, the Ge content and the C 
content Increase while a ratio between the Ge con- 
tent and the C content is kept constant 

40 

13. The heterojunction bipolar transistor of dalm 10. 
wherein In the bottom layer of the second semicon- 
ductor layer, the C content decreases In a directton 
from the center layer to the first semteonductor 
layer 45 

14. The heterojunctton bipolar transistor of dalm 10. 
wherein In the bottom layer of the second semkx)n- 
ductor layer, the Ge content and the C content 
decrease In a direction from the center layer to the so 
first semiconductor layer. 

15. The heterojunction bipolar transistor of dalm 10, 
wherein 



55 



the top layer of the second semknnductor layer 
Is made from SI and contains at least one of Ge 
and C. end 



17. The heterojunction bipolar transistor of daim 15, 
wherein 

the center layer of the second semteonductor 
layer has a composition whteh undergoes a 
compressive strain, and also has a graded 
composition where tfie C content decreases in 
a diredton from the third semiconductor layer 
to the first semiconductor layer, while the Ge 
content is kept constant 

18. The heterojunction bipolar transistor of claim 15, 
wherein 

the center layer of the second semteondudor 
layer has a compositton which undergoes a 
compressive strain, and also has a graded 
cotT^ltion where the Ge content Increases 
and the C content decreases In a direction firom 
the third semlcondudor layer to the first semi- 
conductor layer. 

19. The heterolunctlon bipolar transistor of dalm 15. 
wherein 

the center layer of the second semkx)nductor 
layer has a compositton whk:h undergoes a 
compressive ctraln. and also has a graded 
composition where the Ge content and the C 
content Increase In a directton from the third 
6emkx>ndudor layer to the first semteondudor 
layer. 

20. The heterojunctton bipolar transistor of dakn 15, 
wherein 

the center layer of the second semteondudor 
layer has a compositton whteh undergoes a 
tensile ctraln, and also has a graded composi- 
tton where the Ge content decreases In e direc- 
tton from the third semteondudor layer to the 
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first semiconductDr layer, while the C content Is 
kept constant 

21. The heterojunction bipolar transistor of claim IS, 
wherein s 

the center layer of the second semiconductor 
layer has a cotnposttion which undergoes a 
tensile strain, and also has a graded composi- 
tion where the C content Increases In a direc* io 
tion from the thitxj semiconductor layer to the 
first semiconductor layer, while the Ge content 
is kept constant 

22. The heterojunction bipolar transistor of clakn 15, is 
wherein 

the center layer erf the second semiconductor 
layer has a composition which undergoes a 
tensile strain, and also has a graded composi- 20 
tion where the Ge content decreases and the C 
content increases in a direction from the third 
semkx>nductor layer to the first semkx>nductor 
layer. 

25 

23. The heterojunction bipolar transistor of claim 15, 
wherein 

the center layer of the second semiconductor 
layer has a composition which undergoes a x 
tensile strain, and also has a graded composi- 
tion where the Ge content and the C content 
Increase in a directfon from the third semicon- 
ductor layer to the first semiconductor layer. 

3S 

24. The heterojunction bipolar transistor of dalm IS, 
wherein 

in an end region of the second 8emkx}nductor 
layer that Is between the center layer and the 40 
third semk^onductor layer In a vertfc»l direction, 
the C content increases In a direction from the 
third semiconductor layerto the center layer. 

25. The heterojunction bipolar transistor of daim 15, 45 
wherein 

in the top layer of the second semloonductor 
layer, the C content and the Ge content 
increase In a direction from the third semioon- so 
ductor layer to the center layer. 

26. The heterojunction bipolar transistor of claim 15, 
wherein 

55 

in the bottom layer of the second semk;onduc- 
tor layer, the C content decreases In a directton 
from the center layer to the first aemlconductor 



layer. 

27. The heterojunction bipolar transistor of dalm 15, 
wherein 

In the bottom layer of the second semksnduc- 
tor layer, the C content and the Ge content 
decrease in a direction from the center layer to 
the first senriiconductor layer. 

28. A method for fabricating a heterojunction bipolar 
transistor comprising: 

process (a) for forming, on a first semkx>nduc- 
tor layer of a first conductivity type which con- 
tains Si as a component and acts as a collector 
layer, a second semk^onductor layer containing 
a SlGeC layer and having a narrower band gap 
than the first semknnductor layer and an aver- 
age lattice strain of 1 .0% or less; 
process (b) for fbnnlng a third semteonductor 
layer containing at least Si and having a band 
gap wider than the second semksonductor layer 
onto the second semkx>nductor layer; 
process (c) for forming a conductive layer con- 
taining a first conductivity type impurity which is 
in contact with a part of the third semkx>nductor 
layer; 

process (d) for forming a base layer by intro- 
dudng a second conductivity type impurity at 
least to a part of the second semkx)ndudor 
layer; and 

process (e) for forming an emitter diffusk>n 
layer by diffusing the first conductivity type 
impurity in saki condudive layer into the third 
semkMnductor layer by a heat treatment 

29. The nwthod for fabricating a heterojuncdon bipolar 
transistor of daim 28, wherein 

the first semteondudor layer Is a SI layer, and 
in saki process (a), a Sli.x.yGexCy layer where 
X Is a Ge content and y is a C content is fonned 
as the second semkxindudor layer, and 
In said process (b). a 81 layer is formed as the 
third semk^ondudor layer. 

3a The method for fabricating a heterojunction blpdar 
transistor of dalm 29, wherein 

in the process (a), the second semteondudor 
layer Is formed to have a composHton ki a 
range surrounded by four straight Dnes as fol- 
lows on two-dimensional rectangular coordi- 
nates whose horizontal axis and vertteal axis 
Indicate the Ge content and the C content, 
respedhrely; 
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straight line 0: y 0.122x - 0.032 
straight line 0: y = 0.1245X -f 0.028 
straight line G): V ^ 0^332x - 0.0233 (Ge 
content Is 22% or less) 

straight line ®: y i= 0.0622x 0.0127 (Ge s 
oontem Is 22% or less). 

31. The method for fabricating a heterojunctlon bipolar 
transistor of claim 28, wherein 

10 

in the process (b), the first conductivity type 
impurity is doped In the third semiconductor 
layer concun^ntly with epitaxial growth. 
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Fig. 18 
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Fig. 19 
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Fig. 20a 
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Fig. 21 
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